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ABSTRACT
During eukaryotic translation, mRNAs may form
intra-molecular interactions between distant
domains. The 5’-cap and the polyA tail were shown
to interact through their associated proteins, and
this can induce physical compaction of the mRNA
in vitro. However, the stability of this intra-molecular
association in translating mRNAs and whether addi-
tional contacts exist in vivo are largely unknown.
To explore this, we applied a novel approach in
which several endogenous polysomal mRNAs from
Saccharomyces cerevisiae were cleaved near their
stop codon and the resulting 3’-UTR fragments were
tested either for co-sedimentation or co-immuno-
precipitation (co-IP) with their ORFs. In all cases a
significant fraction of the 3’-UTR fragments sedi-
mented similarly to their ORF-containing fragments,
yet the extent of co-sedimentation differed between
mRNAs. Similar observations were obtained by a
co-IP assay. Interestingly, various treatments that
are expected to interfere with the cap to polyA inter-
actions had no effect on the co-sedimentation pat-
tern. Moreover, the 3’-UTR appeared to co-sediment
with different regions from within the ORF. Taken
together, these results indicate extensive physical
associations between 3’-UTRs and their ORFs that
vary between genes. This implies that polyribosomal
mRNAs are in a compact configuration in vivo.
INTRODUCTION
Eukaryotic mRNAs are associated with a large array of
RNA-binding proteins that facilitate their intracellular
processing and function. These proteins contribute to
mRNA splicing, export from the nucleus, translation,
degradation and more. Two proteins that bind to nearly
all eukaryotic mRNAs are the cap-binding protein
(eIF4E) and the polyA binding protein (PAB1). These
proteins interact with the 50- and the 30-ends of the
mRNA, respectively. Many lines of evidence, from both
in vivo and in vitro systems, indicate that these proteins
interact with each other and have a synergistic eﬀect on
translation rates (1–8). This intra-molecular interaction
was shown in vitro to induce physical compaction of a
reporter mRNA into a ‘closed loop’ structure that may
facilitate reloading of terminating ribosomes on the
50-end of the mRNA (9,10). Recently, factors involved in
translation termination were also shown to be involved in
interactions between the mRNA ends (11). These interac-
tions may lead to further compaction of the mRNA and
connection of distant functional regions.
In this study, we explored whether intra-molecular phy-
sical interactions occur in translating mRNAs from
Saccharomyces cerevisiae. The sedimentation and immu-
noprecipitation (IP) of 30-UTRs was tested after the phos-
phodiester bond linking them to the ORF was cleaved.
We observed signiﬁcant co-sedimentation and co-immu-
noprecipitation (co-IP) of 30-UTRs with their ORFs,
which diﬀered in extent between mRNAs. Surprisingly,
the co-sedimentation was not aﬀected by various treat-
ments that interfere with the known cap-polyA interac-
tion, including removal of the entire 50-UTR. On the
other hand, the 30-UTR appeared to co-sediment with
various domains from within the ORF. This suggests
that factors from throughout the ORF (e.g. ribosomes)
are involved in this interaction.
MATERIALS AND METHODS
Yeast strains and growth conditions
The strains used in this study are listed in Table 1. Cells
were grown in YPD (1% yeast extract, 2% Bacto peptone,
2% glucose) unless they included plasmids that required
growth on selection media (SD with the relevant
selections).
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The plasmids expressing FPR1-FPR1, SMF3-SMF3,
SMF3-FPR1 or FPR1-SMF3 were constructed by PCR
ampliﬁcation of the ORFs or the 30-UTRs from genomic
DNA and cloning into pRS416 (FPR1-FPR1 and FPR1-
SMF3) or pRS415 (SMF3-SMF3 and SMF3-FPR1)
downstream of a GAL1 promoter. All constructs were
veriﬁed by sequencing. Plasmids were transformed into
BY4741 (SMF3-SMF3 or SMF3-FPR1) or BY4742
(FPR1-FPR1 or FPR1-SMF3) strains deleted of their
respective ORFs.
Sedimentation analysis of3’-UTRfragments
The protocol for sedimentation analysis of 30-UTRs and
their ORFs is similar to the ribosome density mapping
(RDM) procedure that was previously described (15).
Brieﬂy, 50ml of yeast cells were grown to OD600 0.5–0.8
in YPD (except where indicated), lyzed and separated
through sucrose gradient as described before (16). The
only modiﬁcation was that the gradient did not include
heparin. The polysomal fraction containing the largest
amount of the mRNA of interest was isolated for the
cleavage reaction. The standard fraction volume was
 600ml, into which DTT and Ribonuclease Inhibitor
(Porcine liver, TaKaRa, Otsu, Japan) were added to ﬁnal
concentrations of 0.15mM and 400U/ml, respectively.
Oligodeoxynucleotides (ODN) complementary to the
regions of interest (usually the stop codon region) were
added to a ﬁnal concentration of 0.16mM and annealed
for 20min with gradual cooling from 378C to room tem-
perature. Cleavage reactions were initiated by addition of
RNase H (10 units per reaction) and RNase H buﬀer (ﬁnal
concentrations 0.02M Tris pH 7.4, 0.1M KCl, 0.02M
MgCl2, 0.1mM DTT, 0.5mg/ml CHX). Digestion pro-
ceeded for 30min at 378C and was terminated by addition
of 400ml of Lysis Minus Detergent (LMD) buﬀer (20mM
Tris pH 7.4, 140mM KCl, 1.5mM MgCl2, 0.5mM DTT,
0.1mg/ml CHX and 1mg/ml heparin). Cleavage products
were then separated by velocity sedimentation in a
10–50% sucrose gradient, and fractions were collected
into 1.5 volumes of 8M Guanidium HCl and 2.5 volumes
of 100% ethanol to precipitate the RNA. Northern blot-
ting was usually performed by separation of half of the
RNA from each fraction in 2% agarose/1.1% formalde-
hayde gels and transfer to a nylon membrane. PCR pro-
ducts that contain either the ORF or the 30-UTR were
labeled radioactively by random priming and hybridized
to the membranes. In the analysis presented in Figure 5,
separation of the RNA was in 6% acrylamide gel (7M
Urea) and transfer was performed as described (17).
Total RNA preparation (Figure 2A) was performed
according to the hot phenol protocol (18).
IP ofribosomes withtheir associated mRNA fragments
A strain expressing Flag-tagged ribosomal protein (Rpl25)
(13) was utilized for this assay. Cells’ growth, polysomal
mRNA separation and isolation, and cleavage reactions
were as described above. Samples were then immunopre-
cipitated by adding one-ﬁfth volume of anti-Flag beads
(Sigma St. Louis, Mi, USA Cat. #A2220) and mixing
for 3h at 48C. Bound material was precipitated by centri-
fugation at 800g and washed three times in LMD buﬀer.
Bound RNA was eluted by adding LMD buﬀer supple-
mented with 20mM EDTA or 150ng/ml Flag peptide and
the eluted sample was subjected to phenol extraction fol-
lowed by precipitation with ethanol and sodium acetate.
Antisense ODNs
The antisense ODNs (Sigma-Genosys, Cambridge, UK)
that were used in the RNAse H cleavage reactions are
listed in Table 2. The numbers in the ODN names indicate
the distance from the start codon. Underlined bases were
added for cloning purposes.
Westernblot analysis
Proteins from sucrose gradient fractions were precipitated
by addition of two sample volumes of ethanol. Samples
were separated on 10% denaturing polyacrylamide gels
and subjected to western analysis with the antibodies indi-
cated in Table 3.
Table 1. Saccharomyces cerevisiae strains used in this study
Strain Genotype Genetic background Origin
YA1 MATa his3D1 leu2D0 met15D0 ura3D0 BY4741 Euroscarf
YA236 MATa his3D1 leu2D0 met15D0 ura3D0 sgn1::kanMX4. BY4741 Euroscarf
YA586 MATa his3D1 leu2D0 met15D0 ura3D0 tpa1::kanMX4 BY4741 Euroscarf
YA587 MATa his3D1 leu2D0 met15D0 ura3D0 rpp2a::kanMX4. BY4741 Euroscarf
YA347 MATa ade2-144,717 his7-1 lys9-a21 ura3-52 leu2-1 trp1-289. (12)
YA348 MATa ade2-144,717 his7-1 lys9-a21 ura3-52 leu2-1
trp1-289 sup35-2 (ts).
(12)
YA127 MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1
Pep4D::HIS3 prbD::his3 prc1D::hisG rpl25::LEU2 pRPL125FH URA3 CEN
CB012 (13)
YA350 MATa his3D1 leu2D0 lys2D0 ura3D0 fpr1::kanMX4 pRS416
GAL1-FPR1(ORF)-FPR1(30 UTR) URA3.
BY4742 This study
YA345 MATa his3D1 leu2D0 lys2D0 ura3D0 fpr1::kanMX4 pRS416
GAL1-FPR1(ORF)-SMF3(30 UTR) URA3.
BY4742 This study
YA421 MATa his3D1 leu2D0 met15D0 ura3D0 smf3::kanMX4 pRS415
GAL1-SMF3(ORF)- SMF3(30 UTR) URA3.
BY4741 This study
YA686 MATa ura3-1 ade2-1 his3-11,15 trp1-1 leu2-3,11 cdc33-42::LEU2
pMDA101 [Cdc33-42/TRP1]
CWO4 (14)
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Co-sedimentation of 3’-UTRs withtheir 5’-ends
To investigate the physical interactions between the ends
of translating mRNAs, we used an experimental proce-
dure similar to RDM (15). Polysomal fractions containing
the majority of the mRNA of interest were isolated, and
mRNAs were cleaved at the stop codon region by adding
RNase H and ODNs complementary to this region.
Following cleavage, samples were separated on a sucrose
gradient, and the sedimentation position of the 30-UTR
fragment or the 50 fragment (which contains the 50-UTR
and ORF) was determined by northern analysis [Figure 1
presents representative blots and Table 4 summarize the
results of multiple experimental repeats (n)]. Note that
in every such cleavage reaction there are residual uncut
mRNA molecules (indicated as ‘uncleaved’) that serve as
a convenient marker for the sedimentation position of the
full-length transcript. As expected, the 50 fragment, which
contains the ORF, sediment as associated with ribosomes
in all cases, and its sedimentation is identical to the sedi-
mentation of the uncleaved transcript. The sedimentation
of the ORF diﬀers between mRNAs because they are nor-
mally associated with diﬀerent numbers of ribosomes [i.e.
RPL41 is usually associated with one ribosome, HYP2
with 4–5 ribosomes, RPP2A with 2–3 ribosomes and
PIL1 with 7 ribosomes (19,20)].
The sedimentation of the 30-UTR fragments appears
to be bi-modal for all tested mRNAs, with a clear signal
in the light fractions (1–6) and another signal in heavier
fractions (‘heavy UTRs’). The two populations of
UTRs appeared to be of similar length (Figure 1).
Finer comparison of the lengths of 30-UTRs of RPP2A
by northern analysis in 6% acrylamide gel, or by analysis
of their elution proﬁle from polyU beads at diﬀerent tem-
peratures (21) did not reveal any diﬀerences either (data
not shown). This suggests similar lengths of the polyA
tails among the light- and heavy-sedimenting 30-UTRs.
Fractions 1–6 contain complexes <40S, as determined
from the OD254 proﬁle of the gradient (data not shown)
and from the sedimentation position of the 18S rRNA,
the main constituent of the 40S ribosomal subunit
(Figure 1A). Thus, the signal in these fractions is from
30-UTRs not associated with ribosomal subunits. To the
best of our knowledge, this is the ﬁrst experimental indi-
cation that neither ribosomes nor ribosomal subunits are
associated with eukaryotic 30-UTRs in vivo. The simplest
explanation for this observation is that ribosomes fully
dissociate from the mRNA at the translation termination
site, consistent with recent in vitro ﬁndings (22).However,
other models, such as rapid scan of the 30-UTR by CHX-
resistant ribosomes cannot be excluded.
The signals obtained from the heavy UTRs appear in
the same fractions as the signals obtained from the 50
fragment containing both the ORF and the 50-UTR. For
example, about 21 11% of the RPL41A 30-UTR appears
in fractions 7–9 along with the corresponding 50 fragment
(Figure 1A). It is unlikely that the sedimentation of the
30-UTR in this position is due to its association with post-
terminating ribosomes that continue to scan the 30-UTR.
In such a case, the full-length transcript (‘uncleaved’)
would have sedimentated as heavier than both the ORF
and the 30-UTR (i.e. as the sum of their associated ribo-
somes). The similar sedimentation position of the 30-UTR
and the ORF suggests that 30-UTRs are associated with
their ORF even after they are cleaved by the RNase H,
and this leads to their heavy sedimentation. Interestingly,
the percentage of 30-UTRs that co-sediment with their 50
fragments diﬀers between genes (from 12 3% for FPR1
to 61 9% for PIL1, Table 4), hence suggesting diﬀerent
extent of association for diﬀerent mRNAs.
To verify that complexes sedimenting in the heavy
region of the gradients contain ribosomes, we performed
similar experiments in the presence of 20mM EDTA,
which is known to disrupt polyribosomal complexes. As
can be seen in Figure 1B and C (‘+EDTA’), both the full
length and the 30-UTR changed their sedimentation posi-
tion to a lighter fractions. Thus, the heavy sedimentation
of the 30-UTR necessitates interaction with polyribosomal
complexes.
The 3’-UTRco-sediments with its own 5’fragment
and notwith unrelated polysomal mRNAs
The heavy sedimentation of the 30-UTR may be due to
association with its own mRNA or with other polysomal
complexes. To discriminate between these options, we
mixed a sample of mRNA isolated by the hot phenol
method (i.e. cleaned of any associated protein) with
lysate from cells deleted of the RPP2A gene. This
sample was subjected to sedimentation analysis and the
position of the phenol-puriﬁed RPP2A was determined
by northern analysis (Figure 2A). These transcripts
Table 2. ODNs used for RNAse H cleavage
ODN Sequence
RPL41A - 70–88 CATAATCCGCTTATTTGGA
HYP2 - 473–492 GCCATGATGTTAACCGGTTT
RPP2A - 293–312 TAAACCGAAACCCATGTCGT
ARO7 - 748–771 TTACTCTTCCAACCTTCTTAGCAA
YHB1 - 1177–1200 CTAAACTTGCACGGTTGACATCTT
NOP15 - 640–663 TCACCATTTGAATTCGATACCTGA
SHM2 - 1387–1410 TTACACAGCCAATGGGTATTCGCC
PIL1 - 1063–1085 GGTAACTTGTTCTTTTCTGCTGG
PIL1 - 721–740 GAGGCTTCATACCCATCGTA
PIL1 - 280–300 GATGTCGGAAACATCGTCAT
PIL1 - 19–29 GAGAGGCGGTAGGTGCCCTG
PIL1 - 1010–1030 GTTTGTTGGGGAAGAGACTC
FPR1 - 322–345 GGATCC TTAGTTGACCTTCAACAATTCGA
SMF3 - 1402–1422 GGATCCTTAAAAATGGATGTCGGCACCT
Table 3. Antibodies used for western analysis
Antibody Dilution Source
Mouse anti-Pab1 1:5000–10000 Dr Motti Choder
Rabbit anti-eIF4E 1:500 Dr Motti Choder
Mouse anti-Flag 1:10000 Sigma F3165
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plexes. This demonstrates that the RPP2A mRNA
sequence does not interact with unrelated polysomal
complexes.
To further establish that there is no general interaction
with any large polysomal complexes, we performed a
mixing experiment in which the polysomal fraction that
contains RPP2A mRNA (associated with three ribo-
somes) was mixed with a 2-fold excess of a much heavier
polysomal fraction (mRNAs associated with more than 10
ribosomes) and then subjected to a cleavage reaction. If
the 30-UTR of RPP2A can interact with other polysomal
mRNAs after the cells’ lysis, then its sedimentation is
expected to shift towards the heavier fractions. As
shown in Figure 2B, the 30-UTR of RPP2A co-sediments
exactly with its 50 fragment (fractions 9–12) even in the
presence of much heavier polysomal complexes. This sedi-
mentation position diﬀers from that of the excess of added
heavy polysomal mRNAs, as revealed by the signal of the
18S rRNA (Figure 2B).
Figure 1. Sedimentation analysis for 30-UTRs. The sedimentation patterns of the 30-UTRs of RPL41A (A), HYP2 (B), RPP2A (C) and PIL1 (D)
were determined by cleavage and separation by velocity sedimentation in sucrose gradients. A schematic illustration of the cleavage position and
approximate lengths of the resulting fragments is presented in each panel. The polysomal fraction containing the majority of each mRNA was
isolated and the mRNA was cleaved at the indicated position. Cleavage products were separated on a sucrose gradient into 18 fractions, and the
sedimentation position of the cleavage products (30-UTR or ORF) and the remaining uncut full-length mRNA (Uncleaved) was determined by
northern analysis. Note that 30-UTRs were usually (e.g. C and D) detected by speciﬁc probes and required diﬀerent exposure times. Control lanes
with uncut and cut mRNA that were not subjected to separation in a sucrose gradient are included in each panel. In (B) and (C), the panels
designated ‘+EDTA’ present the results of a similar cleavage and sedimentation analysis, but in the presence of 20mM EDTA. Graphs present the
quantiﬁcation of the signals for the diﬀerent bands. ‘Free’ indicates the fractions that contain RNA free of any ribosomal subunits and ‘Heavy’
indicates the fractions that contain RNA associated with one or more ribosomes.
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with its own polysomal ORF came from an experiment
in which we added high amounts of KCl (0.8M) to the
cleavage reaction. This led to extensive release of ribo-
somes from the mRNAs and a shift in the ORF sedimen-
tation to a single ribosome position. Importantly, the
cleaved 30-UTR also shift its sedimentation position to
this position (Figure 2C). Thus, the shift in sedimentation
of a 30-UTR correlates with the change in sedimentation
of its ORF.
The 3’-UTR co-immunoprecipitates with
polyribosomal mRNA
To support the indication that the 30-UTR interacts stably
with the 50 fragment by an alternative experimental
approach, we devised a co-IP assay of ribosomes and
their associated mRNA fragments (Figure 3A). In this
assay, polysomes were isolated from a strain carrying
a Flag-tagged ribosomal protein that is part of the
large ribosomal subunit (Rpl25, kindly provided by
Dr T. Inada). Cleavage reactions by RNase H and ODN
were performed as described, but instead of separating the
reaction products on a sucrose gradient, the samples were
subjected to co-IP using anti-Flag antibodies coupled to
agarose beads. Following co-IP, the complexes were
eluted from the beads and the mRNA fragments were
detected by northern blot analysis. Methylene blue stain-
ing of the blots revealed in the immunoprecipitate lane
bands corresponding to rRNAs of both the large and
small subunits (data not shown). Rpl25p is located only
in the large subunit, therefore the appearance of rRNA of
the small subunit (18S) indicates the precipitation of an
assembled ribosome. Figure 3B presents the results of the
northern analysis following co-IP from the wild-type and
RPL25-Flag strains after cleavage of the RPP2A mRNA.
Only the IP from the tagged strain recovered a substantial
amount of the RPP2A 30-UTR (note that in Figure 3B a
probe speciﬁc to the 30-UTR was used, therefore the ORF
was not observed).
We compared the extent of co-precipitation between
HYP2 and RPP2A, which appeared to have a relatively
low and high level of co-sedimentation, respectively
(Table 4). In both cases, signals corresponding to the
30-UTR appeared only in the IP from the tagged strain
(Figure 3C). Furthermore, there were notable diﬀerences
in the extent of co-IP between HYP2 and RPP2A. HYP2
has a relatively low level of IP eﬃciency (ratio of input to
IP of  0.2) and RPP2A has a relatively high eﬃciency
(ratio of  0.8) (Figure 3C). Considering the eﬃciency
of IP of the ORF fragments (Figure 3D), these results
imply weaker interactions between the 30-UTR and
the 50 fragment in HYP2 than in RPP2A. Thus, the
co-IP results are consistent with the results from the
co-sedimentation assay with respect to the general associa-
tion of the 30-UTR with the 50 region and with respect to
the variation of the strength of this association between
mRNAs.
The interaction isstable atvarious KCl concentrations
The co-sedimentation of the 30-UTR with its 50 fragment
indicates a stable interaction that withstands the experi-
mental procedure. To further explore the stability of this
apparent interaction, we performed the experimental pro-
cedure for one of the mRNAs (RPP2A) with KCl present
in all solutions (including the lysis buﬀer, LMD and gra-
dients) at the indicated concentrations (Figure 4). A
simple expectation is that higher salt concentrations will
interrupt protein–protein interactions, yet will stabilize
interactions that are based on nucleotide base-pairing.
The KCl concentrations used herein did not aﬀect the
number of ribosomes associated with the entire RPP2A
transcript (data not shown).
We found a signiﬁcant co-sedimentation in salt concen-
trations ranging from 35mM to 280mM with a decrease
in association towards the higher concentrations. Since
base-pairing become more stable at higher salt concentra-
tions, the decrease in association may suggest the presence
of a more complex RNA structure or involvement of pro-
teins in the interactions.
Table 4. Percentage of sedimentation in heavy fractions and other characteristics of the tested mRNAs
Gene name Average %
in heavy
fractions (n)
a
Standard
Deviation
ORF
length
(nts)
30 UTR
length
(nts)
b
50 UTR
length
(nts)
b
Number of
ribosomes
on mRNA
mRNA half
life (min)
c
mRNA
copy/cell
c
% G/C in
30 UTR
FPR1 12 (3) 2 345 223 17 3 16 6 30
RPL41A 21 (3) 11 69  210 22 1 23 49 30
HYP2 27 (3) 3 474  250 53 4–5 17 22 30
PMA1 33 (3) 11 2754  500  50 >10 22 16 27
ARO7 39 (3) 1 771  200  50 4–5 10 2 36
YHB1 40 (3) 9 1200  300 20 7 14 11 32
NOP15 45 (2) 663  200 38 4–5 9 4 39
RPP2A 44 (6) 3 321  250 30 3 19 21 26
SHM2 52 (3) 7 1410  250 92 >10 42 17 33
PIL1 61 (6) 9 1020  200 108 7 19 7 28
SMF3 56 (3) 10 1422  200 200 7 8 1 30
aNumbers indicate the percentage of 30 UTR signal in fractions where complexes with one or more ribosomes sediment.
bLengths of 30 and 50 UTRs are either according to their migration following cleavage or from Ref. (29, 30).
cmRNA half lives and abundances were taken from Ref. (31).
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cap-polyA interaction
The results presented thus far demonstrate that even
after cutting the phosphodiester bond that links the
30-UTR to the ORF region of the transcript, these two
fragments co-sediment and co-precipitate. To test if this
is due to interactions between the 30-UTR and the cap
structure, we performed the experiments presented in
Figures 5–7.
We performed a cleavage assay for RPP2A with addi-
tion of oligo dT, which is expected to cleave the polyA tail
(Figure 5A). The addition of oligo dT indeed led to short-
ening of the 30-UTR (indicative of cleavage of the polyA
tail), yet in two experimental repeat only a marginal eﬀect
(<5%) was observed on the 30-UTR that sediment in the
heavy fractions of the gradient. No signiﬁcant eﬀect was
observed also when another mRNA (PMA1) was tested
(data not shown).
No eﬀect on RPP2A (Figure 5B), PIL1 or PMA1 (data
not shown) sedimentation was observed also when the
reaction was performed in the presence of 10
3 excess of
oligo (A) to compete for Pab1 binding, further demon-
strating that the polyA tail is unnecessary for this
interaction.
The possible involvement of the entire 50-UTR in
co-sedimentation was tested by cleaving the PIL1
mRNA at two positions simultaneously; immediately
downstream of the start codon and downstream of the
stop codon (PIL1 has a relatively long 50-UTR therefore
the cleaved ORF can be distinguished from the
uncleaved). We performed two experimental repeats and
in both the 30-UTR sedimented at the same position as the
ORF fragment and with similar percentages whether or
not the 50-UTR was cleaved (Figure 5C and data not
shown). Another cleavage scheme for PIL1 (Figure 8),
further downstream to the start codon, also indicted that
the 50 fragment does not control the sedimentation of the
30-UTR. Similar negligible eﬀect for the 50-UTR (<5%
change) was observed when RPP2A mRNA was tested
(data not shown). This indicates that the observed heavy
sedimentation of the 30-UTR is not due to association with
elements within the 50-UTR (e.g. the cap structure) but
due to elements within, or associated with, the ORF.
We also tested whether proteins involved in these inter-
actions co-sediment with the cleaved 30-UTR. We used
antibodies recognizing the polyA binding protein and
cap binding protein (aPab1 and aeIF4E, respectively,
kindly provided by Dr M. Choder) to perform western
analysis with fractions collected after the cleavage reaction
(Figure 6). Most of the signal for these proteins appeared
in the fractions containing mRNAs free of ribosomes,
and the levels at the heavy fractions where the 30-UTRs
co-sediment were almost undetectable. Pab1 and eIF4E
were expected to be associated with polysomal mRNAs;
therefore this sedimentation position was probably due to
dissociation during our experimental procedure (23). In
any case, the sedimentation of Pab1 and eIF4E did not
correlate with the sedimentation pattern of the 30-UTR. It
should be noted, however, that the possibility that small,
undetectable fraction of these proteins do sediment in
these fractions cannot be excluded.
To further examine the dispensability of the cap-polyA
interaction for the 30-UTR heavy sedimentation, we per-
formed sedimentation analyses for RPP2A 30-UTR in
yeast strains lacking various proteins that are involved
in the cap-polyA interaction (Figure 7). We used a
temperature sensitive strain of the cap-binding protein
(cdc33-42) in which eIF4E levels were undetectable after
Figure 2. The 30-UTR is associated with its ORF. (A) RNA isolated
from a wild-type strain (wt) by the hot-phenol method was added to an
extract from cells deleted of the RPP2A (rpp2aD) gene, and subjected to
separation in sucrose gradient. The sedimentation position of RPP2A
mRNA (top) and the 18S rRNA (bottom) was determined by northern
analysis. Note that the 18S rRNA signals in fractions 1–6 are from the
added wt RNA. (B) The fraction containing mRNAs associated with
three ribosomes was isolated and mixed with a two volumes of heavier
fractions containing mRNAs associated with 10 or more ribosomes.
RPP2A mRNA was cleaved at the stop codon region and subjected
to sedimentation analysis in a sucrose gradient. The sedimentation
position of RPP2A fragments (top) and of the 18S rRNA (bottom)
was determined by northern analysis. Graphs present the quantiﬁcation
of the northern signals. (C) Cleavage reaction of RPP2A was per-
formed in the presence of 0.8M KCl. Under these conditions the
ORF fragment sediments as associated with a single ribosome
(‘monosome’). The sedimentation position of some of the 30-UTR frag-
ments also appears in this position.
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amounts of polysomal complexes were detected after the
temperature shift; this may be due to a decrease in ribo-
somal dissociation rates and/or cdc33-independent initia-
tion. The sedimentation of the 30-UTR of RPP2A was
determined in this strain after the temperature shift, and
was found to be similar to its sedimentation in the paren-
tal strain. Similar results were obtained in a temperature-
sensitive mutant of a translation termination factor
(sup35-52), or in strains deleted of other proteins involved
in translation initiation (sgn1D) and termination and
polyA tail length control (tpa1D) (24,25). A PAB1-
mutated strain (pab1-16), which carries two amino acid
exchanges (in RRMs 1 and 2) was also tested. These point
mutations are known to signiﬁcantly reduce the aﬃnity of
Pab1 to oligo (A) (26). However, even these speciﬁc muta-
tions led to a strong decrease in ribosomal association and
in mRNA stability, therefore the northern data was incon-
clusive (data not shown).
The co-sedimentation is due tointeractions
throughout the ORF
The apparent association of the 30-UTR with the ORF
may be conﬁned to a speciﬁc region of the ORF or dis-
tributed throughout the coding region. To explore these
possibilities, we cleaved the PIL1 mRNA at the stop
codon region and at the second third (Figure 8A) or at
the ﬁrst third of the coding region (Figure 8B). These
cleavages generated ORF fragments of diﬀerent lengths
from either end of the ORF. Analysis of the 30-UTR
Figure 3. Co-IP of ribosomes with their associated mRNA fragments. (A) Scheme of the procedure. Polysomal mRNA from a strain-expressing Flag-
tagged Rpl25 was isolated and subjected to cleavage with speciﬁc ODN. Samples were then subjected to IP with beads coated with anti-Flag
antibodies. Finally, the co-IP of the 30-UTR with the ORF (and ribosomes) is determined by northern analysis. (B) Co-IP of RPP2A fragments in
untagged (left) and Flag-tagged (right) strains. Samples of mRNA from each step of the IP procedure were collected and analyzed by northern
analysis with a probe recognizing the RPP2A 30-UTR. Lane labels: Uncut—isolated polysomal sample before addition of antisense ODN. Cut input-
sample after cleavage reaction, before mixing with the anti-Flag beads. FT (Flow-through)—material not bound to the anti-Flag beads during
incubation. W1–W4—material eluted during washes in binding buﬀer. IP—eluted material from the beads after addition of binding buﬀer supple-
mented with a 150ng/ml Flag peptide. (C) Comparison of the co-IP of HYP2 (left) and RPP2A (right) fragments. Lane labels are as in (B) (in this
experiment the elution was done with EDTA). Numbers to the right of each panel indicate the ratio of the signals between the IP and the input of
the 30-UTR or ORF. (D) Eﬃciency of the IP of HYP2 and RPP2A 30-UTRs, normalized to the eﬃciency of their ORF.
Figure 4. Analysis of the eﬀect of KCl on the co-sedimentation of
RPP2A 30-UTR. The indicated concentrations of KCl were added to
all solutions of the cleavage procedure (including the lysis buﬀer,
RNase H buﬀer, LMD and sucrose gradients) and RPP2A mRNA
was subjected to analysis as in Figure 1. The histogram presents the
results of three independent repeats.
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with the larger ORF fragment, whether it was from the
beginning or the end of the coding region. Similar results,
yet of lower ribosomal separation (due to the shorter
lengths of ORF fragments), were obtained when RPP2A
mRNA was cleaved at two positions simultaneously (data
not shown). While these cleavage schemes cannot exclude
the possibility of interaction with a site in the center of the
ORF (that is present in the center of all tested ORFs), we
ﬁnd it more likely that the association of the 30-UTR is
due to interactions throughout the ORF, and not speciﬁc
to a unique site. This is also consistent with the small
amount of 30-UTRs that co-sediment with the shorter
ORF fragment (e.g. Figure 8A).
The association is dependenton features fromthe
3’-UTR andthe ORF
We created a series of constructs in which we replaced the
30-UTR of one mRNA by another, and expressed them
from a strong heterologous promoter (GAL1) (Figure 9).
These constructs were used to determine if the extent of
co-sedimentation of a 30-UTR is maintained outside the
context of its native ORF. Analysis of the co-sedimenta-
tion values of the plasmid-expressed FPR1 and SMF3
30-UTRs linked to their native ORFs produced values of
15 9% and 50 8%, respectively. Similar values were
obtained for the endogenous, chromosomally expressed
mRNAs (Table 4), indicating that the genomic context is
not critical for the apparent association. When SMF3 30-
UTR was linked to FPR1 ORF, about 46 3% of the 30-
UTR fragments co-sedimented with the ORF fragment
(Figure 9). This value diﬀers from the value of FPR1 30-
UTR (15%), indicating that FPR1 ORF is not suﬃcient to
control the extent of co-sedimentation with its associated
30-UTR. On the other hand, merging the 30-UTR of FPR1
to the ORF of SMF3 (SMF-FPR) resulted in similar
heavy sedimentation as that of SMF3 30-UTR. Thus, the
tendency of a 30-UTR to associate with its ORF is not
dominated by one of the two regions, but may be con-
trolled by factors from either the ORF or the 30-UTR.
Figure 5. Eﬀect of removal of the polyA or 50-UTR. (A) Removal of the
polyA by oligo dT cleavage. (i) Scheme of the RPP2A mRNA and the
cleavage sites. (ii) Control for the oligo dT cleavage eﬃciency. The poly-
somal fraction containing most of the RPP2A mRNA was subjected to
RNAse H cleavage with ODN complementary to the stop codon region
with (+) or without ( ) oligo dT20. Samples were resolved by 6% PAGE
andsubjectedtonorthernanalysis.(iii)Quantiﬁcationofthepercentageof
the 30-UTR that sediments in heavy fractions following cleavage at the
stop codon and the polyA (‘Stop + PolyA’) or without cleavage at the
polyA (‘Stop’). (B) Addition of excess of polyA. During the RNase H
cleavage reaction an excess of A20 oligomer (10
3-fold, assuming 10
12
mRNA molecules in the sample) was added to the cleavage reaction to
titrate Pab1 from the polyA tail. The histogram presents the percentage of
30-UTRthat sedimented in the heavyfractions without or with addition of
oligo (A). (C) Removal of the entire 50-UTR. The histogram presents the
percentage of PIL1 30-UTR that sedimented in the heavy fractions after
cleavage only at the stop codon region (‘Stop’) or also at the start codon
region (‘Stop+Start’). Results are representative of two experimental
repeats.
Figure 6. Western analysis for Pab1 and eIF4E sedimentation in
sucrose gradients. Cell extracts were separated by velocity sedimenta-
tion into 16 fractions and the sedimentation of Pab1 [A(i)] or eIF4E (B)
was determined by western analysis. [A(ii)] A polysomal fraction [indi-
cated by an arrow in A(i)] was isolated and incubated under the same
conditions as in a cleavage reaction. The sample was then separated in
a second sucrose gradient, and the sedimentation of Pab1 was deter-
mined by western analysis.
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Eukaryotic mRNA compaction is known to occur
through interactions between the polyA and cap-binding
complex. Recently, the translation termination factor
eRF3 was also implicated in this interaction. These inter-
actions were shown to induce translation initiation, and
one model suggests that terminating ribosomes are
recycled more eﬃciently to the initiation site following
translation termination. In this study, we examined the
physical association of 30-UTRs with the upstream por-
tion of the mRNA in the context of polyribosomes iso-
lated from yeast cells. This association was tested by both
co-sedimentation in sucrose gradients (Figure 1) and by
co-IP (Figure 3). Both methods indicated stable and exten-
sive interactions between the 30-UTR and the ORF that
withstand our experimental procedure, and that these
interactions are of diﬀerent strengths in diﬀerent
mRNAs (Table 4).
Interactions between the ends of an mRNA were iden-
tiﬁed previously. The polyA binding protein (PAB1) is
associated with the translation initiation factor eIF4G
that interacts with eIF4E (10). These interactions are
known to enhance translation (1,2,5,7,8,27) and to
induce mRNA circularization (9). We therefore suspected
that these interactions are the basis for the apparent
co-sedimentation of the 30-UTR. Several assays designed
to interfere with this interaction, however, had minimal
eﬀect on the observed co-sedimentation. These assays
included depletion of the cap-binding protein in a tem-
perature sensitive strain, removal of the polyA from the
mRNA by cleavage with oligo dT, and removal of the
entire 50-UTR from the mRNA. The lack of eﬀect
on co-sedimentation following perturbations to the
cap–polyA interaction indicate that its contribution to
Figure 7. Eﬀect of mutations on the sedimentation of RPP2A 30-UTR.
(A) Schematic representation of an mRNA in a closed loop conﬁgura-
tion with the factors tested in section B depicted. (B) Cleavage and
sedimentation analysis of the various strains; eIF4E ts and eRF3 ts
were grown at 258C to logarithmic phase and then shifted to 378C
for 60min; tpa1D and sgn1D were grown at 308C in YPD. (C)
Quantiﬁcation of the percentage of 30-UTR signals that appear in the
heavy fractions (fractions 13–18).
Figure 8. Cleavage at sites within the ORF. PIL1 mRNA was cleaved at
the stop codon and the last third (A) or the stop codon and the ﬁrst third
(B) according to the scheme in each section. Samples were then subjected
to velocity sedimentation in sucrose gradients and the sedimentation pro-
ﬁle of each fragment was determined by northern analysis using speciﬁc
probes. Results are representative of two experimental repeats.
6736 Nucleic Acids Research, 2008, Vol. 36, No. 21the overall phenomenon is minimal (Figures 5–8). We
hypothesize that the cap–polyA interactions are not
strong enough to withstand our experimental conditions.
Milder experimental conditions could potentially maintain
the cap–polyA interaction and therefore yield higher per-
centages of co-sedimentation.
We suggest two general models for interactions between
the 30-UTR and the ORF. The ﬁrst model poses extensive
intra-molecular base-pairing between the ORF and the
30-UTR and stems from the tendency of RNA molecules
to form secondary and tertiary structures. The proposed
interactions may be stable enough to maintain the associa-
tion of the 30-UTR with the ORF during our experimental
procedure. In this model, translating ribosomes would
occasionally interrupt these interactions, which may
explain the appearance of 30-UTRs in the light fractions.
This model implies that mRNAs are in extensively struc-
tured conformations, which are maintained even when
ribosomes translate the coding region. The second model
suggests interactions between the 30-UTR and factors that
are associated with the ORF, most likely ribosomes.
According to this model, the 30-UTR interacts with ribo-
somal proteins and remains associated with them during
translation. This interaction is maintained during transla-
tion (and during the experimental procedure), thereby
leading to the apparent heavy sedimentation of 30-UTRs.
To distinguish between the two models it is necessary to
compare the association of the 30-UTR with the ORF
either in the presence or absence of ribosomes. The meth-
ods utilized herein are not suitable for this purpose
because both the sedimentation and the co-IP assays
require ribosomes as a handle for separation and therefore
it is impossible to test the physical association when no
ribosomes are present.
Interestingly, the amount of 30-UTRs that co-sedimen-
ted with their 50-fragments diﬀered signiﬁcantly between
genes (Table 4); some rarely sedimented in the heavy frac-
tions (i.e. their majority appeared as free 30-UTRs) while
for others, the majority of the 30-UTR co-sedimented with
the ORF. This implies that the aﬃnity of the interactions
between the 30-UTR and the rest of the mRNA vary from
one mRNA to another. We compiled a list of parameters
that might be related to such association (Table 4). None
of these parameters appeared to be strongly correlated
with the extent of co-sedimentation (though a larger
sample is probably necessary for a more thorough com-
parison). This suggests that the extent of interaction is a
function of features beyond these simple parameters.
Assuming that the 30-UTRs interact with ribosomes,
features such as elongation rates or speciﬁc ribosome-
associated proteins might be involved. Alternatively, if
the association is through extensive base-pairing that
generates large mRNA structures that include both the
ORF and the 30-UTR, then the nucleotide sequence will
be an important feature. Treatment of cells with low con-
centrations of cycloheximide (2.5–5mg/ml) to lower trans-
lation activity (as measured by
35S incorporation into
proteins) or use of elongation factor mutants (tef5-7 and
tef5-1, kindly provides by Dr T. Kinzy) (28) had no eﬀect
on the extent of co-sedimentation of RPP2A mRNA (data
not shown). This suggests that reducing elongation rates
does not aﬀect the extent of interaction between the
30-UTR and the ORF.
What may be the implications of the interactions
between the 30-UTR and the ORF? We consider two
likely consequences of the interactions between the
30-UTR and ORF: (i) mRNA stability—compaction of
the mRNA through extensive intra-molecular interactions
may maintain it in a form that is less accessible to various
degradation factors. Upon relaxation of this compact
form, the 30-UTR would become exposed and decay pro-
cesses could start. One prediction of this model is that
mRNAs with more associations between the 30-UTR
and the ORF (i.e. higher percentage of sedimentation in
heavy fractions) will have higher stability. (ii) Translation
rates—another possibility is that compaction of the
mRNA allows more eﬃcient recycling of terminating ribo-
somes to the translation initiation site. This hypothesis,
which stems from the ‘closed loop’ model for interactions
between the ends of the mRNA, predicts that mRNAs
with stronger intra-molecular associations will have
higher translation rates. Analyses of the parameters in
Table 4 that are related to the above hypotheses (i.e.
mRNA half life and ribosomal association of the ORF)
do not reveal a clear correlation between those parameters
and the percentage of association. These options cannot
be dismissed, however, because other gene-speciﬁc pro-
cesses may obscure the underlying correlation.
Figure 9. Analysis of chimeric mRNAs. Plasmids expressing the FPR1
ORF fused to the FPR1 30-UTR (FPR1-FPR1) or to SMF3 30-UTR
(FPR1-SMF3) or the SMF3 ORF fused to the SMF3 30-UTR (SMF3-
SMF3) or FPR1 30-UTR (SMF3-FPR1) were introduced to strains
deleted of the respective ORF. Cells were grown to mid-logarithmic
phase and the mRNAs were subjected to cleavage at the indicated
sites and separation in sucrose gradients. The percentage of the
30-UTR that sediments in the heavy fractions (average of at least
three experimental repeats) is indicated in the histogram.
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